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In this letter, we show that asymmetric transmission of circularly polarized waves through a nanostructured 
planar chiral graphene film can be observed in terahertz range. The asymmetric transmission effect of 
monatomic layer graphene closely resembles that of metallic planar chiral nanostructures which has previously 
been demonstrated. And the relative enantiomeric difference in the total transmission varies with the change of 
graphene’s Fermi level. The plasmonic excitation in the graphene nanostructure is the enantiometically sensitive 
which is asymmetric for opposite propagating directions. This phenomenon will deepen our understanding of 
light-matter interactions in planar chiral structures and may find applications in polarization-sensitive devices, 
sensors, detectors and other areas. © 2015 Optical Society of America 

OCIS codes: (250.5403) Plasmonics; (160.1190) Anisotropic materials; (310.6628) Subwavelength structures, nanostruc¬ 
tures. 


During the past several years the research on chi¬ 
ral metamaterials have revealed several new electro¬ 
magnetic phenomena, such as circular dichroism [1-3] 
and elliptical dichroism [4] of planar chiral metamate¬ 
rials, unidirectional or asymmetric transmission of lin¬ 
early polarized waves in three-dimension chiral meta¬ 
materials [5-12] or circularly polarized waves in planar 
chiral structures [13-16]. The intriguing optical proper¬ 
ties of metallic chiral structures are of great interests 
both for theoretical research and for practical applica¬ 
tions [17 19]. In 2006, it was reported that the first ex¬ 
perimental observation of a polarization sensitive trans¬ 
mission effect which is asymmetric with respect to the 
direction of wave propagation [13]. The reported asym¬ 
metric phenomenon requires simultaneous presence of 
planar chirality and anisotropy in the structure which 
is lossy [14]. This new asymmetric transmission effect 
is different from the symmetric effect analogous to con¬ 
ventional optical activity [20-24] and gyrotropy in 3D- 
chiral media [25,26]. Moreover, its asymmetric trans¬ 
mission behaviour is fundamentally distinct from that 
with non-reciprocal media [27] or three-dimensional he¬ 
lical structures [28,29]. And it has been associated the 
excitation of enantiomerically sensitive plasmons in the 
metal nanostructures. 

Recently, graphene has raised as a powerful plasmonic 
material. A monolayer of doped graphene can resemble 
a thin metal film and support the excitation of surface 
plasmons in mid-infrared and terahertz (THz) ranges 
while it is only atomically thick. The exploration of plas¬ 
mons in graphene nanostructures has leads to the propo¬ 
sition and demonstration of a variety of devices such as 
tunable polarizers [30,31] , metamaterials [32] and per¬ 
fect absorbers [33,34], Here we show that tunable asym¬ 
metric transmission of circularly polarized light can be 
realized in the THz range with a monolayer graphene 


patterned with arrays of G-shaped micro-holes which 
forms a truly planar structure. 



Fig. 1. The G-shaped graphene planar chiral structure, 
(a) Schematics of asymmetric transmission in the arrays 
of graphene planar chiral structure, one circularly po¬ 
larized terahertz wave illuminates on the graphene film 
from opposite sides respectively at normal incidence, (b) 
A unit cell of the structured graphene film with geomet¬ 
ric parameters. The graphene film is patterned with peri¬ 
odical arrays of G-shaped holes. The period is P = 80um 
and the width of G model is 5 um. 

Figure 1 shows the schematic illustration of the 
graphene planar chiral structure. The graphene is pat¬ 
terned with arrays of G-shape holes with dimensions in 
the micro-meter scale. One circularly polarized (left or 
right circular polarization) THz wave normally impinges 
on the graphene film from forward and backward direc¬ 
tion, respectively (see figure 1(a)). Figure 1(b) shows a 
unit cell of the graphene planar chiral structure with 
geometric parameters. The black area is graphene and 
the white area is the removed pattern. The period of the 
structure is P = 80 um, which ensures that the structure 
does not diffract at the studied spectral range at normal 


1 














incidence. The side length and width of G-shaped holes 
are 70 um and 5 mto, respectively 

Using a fully three-dimensional finite element numer¬ 
ical simulation method(in Comsol Multi-Physics), with 
periodic boundary conditions applied to the unit cell, 
we studied the transmission, reflection and absorption 
properties of the graphene planar chiral structure in the 
200 — 800um wavelength range for the case of circularly 
polarized light at normal incidence. The Fermi level of 
graphene ranges from 0.6 eV to 1.2 eV. The optical con¬ 
ductivity of graphene can be derived within the random- 
phase approximation (RPA) in the local limit [35,36] 


2 e 2 k B T 


nh 2 

e\l 

+ 4fi 2 
-— In ■ 


-ln[ 2 cosh( 


E* 


2k B T' 


1 Hu — 2 E F 

—arctan( — ) 


(1) 


(hbj 


0 2 


27r 


(hu ~ 2E F ) 2 + 4(k B T) 21 

where k B is the Boltzmann constant, T is the tempera¬ 
ture, lo is the frequency of light, r is the carrier relax¬ 
ation lifetime, and Ep is the Fermi energy. The first 
term in Eq. (1) corresponds to intra-band transitions and 
the second term is attributed to inter-band transitions. 
Equation (1) reduces to the Drude model if we neglect 
both inter-band transitions and the effect of temperature 
(T = 0) 

e 2 Ep i 


"u — ^2 , • _i (2) 

where Ep depends on the concentration of charged dop¬ 
ing and t = /j,Ep/(eVp), where v F ss 1 x 10 6 m/s is the 
Fermi velocity and fi is the dc mobility. Here we use a 
moderate measured mobility n = 10000 cm 2 ■ U -1 ■ s _1 . 

It should be noted that for a certain type of circu¬ 
larly polarized light (i.e., right or left circularly polar¬ 
ized) , the transmitted light may change the polarization 
state and contains both light and left circularly polar¬ 
ized light. The transmission can be presented in terms 
of a circular transmission 2x2 matrix y, whose indexes 
”+” and denote right (RCP) and left (LCP) circular 
polarizations, respectively. Matrix y will be denoted as 
for a wave incident on the front side of the structure, 
while the arrow will be in opposite direction corresponds 
to the wave incident from the opposite direction. The 
transmission matrix will be denoted as . For instance, 
the data presented in figure 2a illustrates ^ ?+■ For 
incident RCP wave, the total transmission in the back¬ 
ward direction is given by T + = |y ++ | 2 + |y_|_| 2 , while in 

the opposite direction = |y ++ |^ + |y_ + | 2 . Figure 2a 
shows the total transmission of right circularly polarized 
wave (defined as the electric vector of the wave coming 
toward you appears to be rotating counterclockwise) in¬ 
cident from forward and backward directions when the 
Fermi level of graphene is 0.9 eV. It shows asymmetry 
depending on the the direction of propagation. Accord¬ 
ing to Ref. [14], |y ++ | 2 = |y + +|^, while |y_ + | 2 ^ |y-+|“. 
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Fig. 2. Asymmetric transmission effect in the graphene 
planar chiral structure, (a) Total transmission, (b) to¬ 
tal reflection and (c) total absorption spectra for circu¬ 
larly polarized THz wave are shown. The wave is incident 
from free space at normal direction. The Fermi level of 
graphene is to 0.9 eV. Red and blue curves correspond 
respectively to forward and backward directions of prop¬ 
agation. 
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It means the difference in the total transmission depends 
on the fact of the asymmetric conversion of transmission 
for a circular polarized wave into one of opposite hand¬ 
edness. And the total reflection (R) and absorption (A) 
shows similar asymmetry, as shown in figure 2b and 2c. 
The results are similar to those of metallic planar chiral 
metamaterials [14]. 
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Fig. 3. The relative enantiomeric difference in the total 
transmission. The total transmission difference for pat¬ 
terned graphene planar chiral structure (a) without a 
substrate and (b) with a substrate of quartz. The Fermi 
levels of graphene varies from 0.6 eV to 1.2 eV. Red and 
blue curves correspond respectively to forward and back¬ 
ward directions of propagation. 

Figure 3 shows the relative enantiomeric difference in 
the total transmission without a substrate and with a 
substrate of quartz, respectively, for the different Fermi 
levels. The relative enantio rperi c dif fere nce ( in tip total 
transmission is defined as AT = (T+ — T_)/T+ and 
= (T+ — T^)/T + . It displays a resonant nature and 
varies with the Fermi level of graphene. Figure 3a shows 
the situation for a free-standing graphene as in Figure 2. 
When Fermi levels are 0.6 eV and 0.9 eV, it reaches its 
maximum value of about 0.068 and 0.18 at the resonant 
wavelength of A = 335 um and A = 290 um, respec¬ 
tively. As the Fermi level increases to 1.2 eV, the maxi¬ 


mum value increases to 0.24 at the resonant wavelength 
of about 260 um. 

Figure 3b shows the relative enantiomeric difference 
in the total transmission obtained in the same graphene 
planar chiral structure supported on a quartz substrate. 
The substrate is assumed to be semi-infinite. In our stud¬ 
ied Thz range, it can be treated as a transparent mate¬ 
rial with the refractive index of 1.96 from Ref. [37]. With 
the presence of a substrate, the plasmonic resonances of 
the graphene film redshifts to longer wavelengthes. The 
results closely resemble those without a substrate pre¬ 
sented even thought the relative enantiomeric difference 
is slightly smaller at the resonances. When Fermi level 
is 0.6 eV, the difference is unconspicuous. As the Fermi 
level increases to 1.2 eV, it reaches the maximum value 
of 0.194 at about 410wm. Moreover, The sign of AT is 
changed upon reversal of the propagation direction. 


(a) Electric field, |E|/|E0| (b) Electric field, |E|/|E0l 



Fig. 4. Enantiomerically sensitive plasmonic excitations 
in the graphene planar chiral structure. The maps show 
the distribution of normalized electric held in the plane 
of the structure at the resonance (A = 290um) which 
the Fermi level of graphene is 0.9 eV. The left circularly 
polarized light incident on the planar chiral structure 
from (a) forward and (b) backward sides, respectively. 

Similar to metallic planar chiral structures that have 
been previously studied, the asymmetric transmission 
here is attributed to the excitation of enantiomerically 
sensitive plasmons in the graphene structure. Figure 4 
shows normalized electric held intensity maps at the res¬ 
onance wavelength when the LCP wave propagates in op¬ 
posite directions. The tFermi level of graphene is 0.9 eV. 
The hgure reveals the strength and location of the plas¬ 
monic excitations in the plane of the structure and ex¬ 
hibits striking difference for the THz wave incident from 
forward and backward directions. 

In summary, we have numerically shown the asym¬ 
metric transmission effect in graphene planar chiral 
structures and the results are closely resemble those 
in metal planar chiral nanostructures. The monatomic 
layer graphene can be treated as the thinnest material 
that can be realized and it will deepen our understand¬ 
ing light-matter interactions in planar chiral structures. 
The relative enantiomeric difference is tunable with the 
change of Fermi level. The plasmon excitation in the 
graphene planar chiral structure is enantiometically sen¬ 
sitive and depends on propagating directions of circu¬ 
larly polarized light. The plasmonic dissipation in the 
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graphene structure is also asymmetric for opposite prop¬ 
agating directions. This phenomenon may find applica¬ 
tions in polarization-sensitive devices, sensors, detectors 
and other areas. For example, the enantiometically sen¬ 
sitive excitation of graphene plasmons can be used to 
detect the circularly polarized light which has significant 
applications in chemistry and biology. 
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